The orbital magnetic moment is still surprisingly not well understood, in contrast to the spin part. Its description in finite systems, such as isolated atoms and molecules, is not problematic, but it was only recently that a rigorous picture was provided for extended systems. Here we focus on an intermediate class of systems: magnetic adatoms placed on a non-magnetic surface. We show that the essential quantity is the ground-state charge current density, in the presence of spin-orbit coupling, and set out its first-principles description. This is illustrated by studying the magnetism of the surface Pt electrons, induced by the presence of Cr, Mn, Fe, Co and Ni adatoms. A physically appealing partition of the charge current is introduced. This reveals that there is an important nonlocal contribution to the orbital moments of the Pt atoms, extending three times as far from each magnetic adatom as the induced spin and local orbital moments. We find that it is as sizable as the latter, and attribute its origin to a spin-orbital susceptibility of the Pt surface, different from the one responsible for the formation of the local orbital moments.
Magnetic impurities bridge real and reciprocal space, endowing their non-magnetic host materials with new properties built from the scattering of the itinerant electrons. The oscillations of the electron density predicted by Friedel [1] are a classic embodiment of this paradigm, with the giant magnetic moments induced in Pd and Pt attesting to it [2] [3] [4] [5] [6] [7] [8] . Friedel oscillations lead to long-ranged Ruderman-Kittel-Kasuya-Yosida interactions [9, 10] . These stabilize helical magnetic chains, which might host Majorana states on superconductors [11] [12] [13] [14] , and affect the Kondo screening cloud [15] . Other examples, such as the anomalous Hall effect [16] [17] [18] , Dzyaloshinskii-Moriya interactions [19] [20] [21] , and large magnetic anisotropy energies [7, [22] [23] [24] [25] , highlight the importance of spin-orbit coupling (SOC). The induced magnetism of the itinerant electrons plays an important role in all of this, but so far little is known about it.
The interplay between spin and orbital degrees of freedom also underlies one of the most fundamental magnetic properties, the orbital moment [26] [27] [28] [29] [30] . It can be quantified through the Einstein-de Haas effect, see e.g. [31] , or with x-ray magnetic circular dichroism (XMCD) [32] [33] [34] . The classic picture of the orbital moment is based on a superposition of atomic-like swirling charge currents [35] . For extended systems this picture is incomplete, as explained by the modern theory of orbital magnetization [36] [37] [38] [39] [40] [41] , but the interpretation of the nonatomic-like contribution is subtle. It is then insightful to bring the physics from reciprocal to real space, by considering magnetic impurities on a non-magnetic surface with strong SOC, and the orbital magnetism they induce on the surrounding itinerant electrons.
In this Letter, we formulate the orbital magnetic moment in real space in terms of the ground-state charge current density, partitioned into local and nonlocal contributions. While the former corresponds to the oftenstudied atomic-like orbital angular momentum, the latter is unknown for magnetic nanostructures. Using firstprinciples, we systematically study transition-metal single adatoms deposited on Pt(111) surface. We find that the nonlocal orbital moment is as large as the local one, and surprisingly extends much farther into the substrate. This defines a nonlocal orbital magnetization cloud three times larger than the well-known spin-polarization cloud hosted by the Pt atoms in the vicinity of magnetic atoms [7, 8, 42] . The moments induced in the substrate can be rationalized as different types of response of the surface to the presence of the magnetic adatom. In this way, we also prove that the separation into local and nonlocal contributions is meaningful, and that they have distinct physical origins. The nonlocal contribution to the orbital moment is thus shown to be as important as the local one, with consequences for fundamental studies and possible technological applications.
In classical electrodynamics, the net orbital moment m o arises from the charge current density j(r) [43] ,
This formula holds as long as j(r) decays quickly enough towards the boundaries of some enclosing volume. Microscopically, we can employ the quantum-mechanical ground-state current density, which has three contributions: paramagnetic, diamagnetic, and spin-orbit [44] . The paramagnetic contribution is given by
where µ B is the Bohr magneton and Ψ(r) is the groundstate wave function (written for a single electronic coordinate, for brevity). The diamagnetic current is absent (no external magnetic fields), and the relativistic correction to the current is found to be small, so it is also neglected. However, SOC itself is very important, as it lifts the orbital degeneracy of the surface (needed for a finite ground-state current) via the lifted spin degeneracy due to the presence of the magnetic adatom.
The ground-state paramagnetic current is thus the key to quantify the orbital magnetism induced by the adatom on the surface. The interpretation is facilitated by partitioning the geometry illustrated in Fig. 1 (a) into regions centered around each atom, located at R i and with volume V i . The orbital moment can then also be split,
Eq. (3) To quantify the ground-state current, we employed a real-space embedding approach based on the KorringaKohn-Rostoker Green function method [46] [47] [48] , avoiding possible spurious effects due to enforced periodicity. First the electronic structure of the pristine Pt(111) surface is obtained using a thick slab with open boundary conditions in the stacking direction. Then clusters of different sizes are self-consistently embedded in the pristine surface, taking into account the relaxation of the adatom towards the surface (see Fig. 1(d) for an example). All quantities can then be systematically converged with respect to the cluster size. Further computational details can be found in the Supplementary Materials [45] .
We first consider the generic features of the paramagnetic charge current, taking an Fe adatom on the Pt(111) surface as exemplary. The atomic structure is depicted in Fig. 1(a) . Fig. 1(b) illustrates the current distribution within the adatom. The current is localized near the nuclear position and swirls mostly in the xy-plane, generating a local orbital moment parallel to the spin moment of the adatom. The adatom also induces a paramagnetic current in the surface. Part of it swirls around each Pt atom (not shown), and forms the local orbital moments m l o,i . The remainder leads to a net current through each Pt atom, Fig. 1(c) , resulting in the nonlocal contributions m nl o,i . The direction of the swirl of the net currents is seen to alternate with distance, similar to the well-known Friedel oscillations of the charge and spin moment [1, 8, 49] , so m nl o,i also changes orientation with increasing distance to the adatom.
Next we investigate the range of the induced magnetic moments, considering various adatoms. Fixing the spin moment of the adatom to be normal to the surface, the C 3v symmetry ensures that the net induced moments are also collinear with it. Fig. 2(a) plots the net spin moments m s and the net local orbital moments m l o against the size of the cluster, showing that they are wellconverged beyond R h ∼ 7.5Å (55 Pt atoms). Surprisingly, the net nonlocal orbital moment m nl o has a much longer range than the other two, see Fig. 2(b) , going beyond the largest computationally feasible cluster (vertical dashed line). We tested a physical assumption to overcome the computational limitations: Is the response of a far-away Pt atom to the presence of the magnetic adatom independent of how its nearby Pt atoms respond? Working with a smaller cluster augmented by a far-away Pt atom and performing calculations for all possible positions of this extra atom, we obtain the response equivalent to that of a giant cluster with 2685 atoms, sketched in Fig. 1(d) . We found that the nonlocal orbital moments do follow the previous assumption (see Supplementary Materials [45] ), validating the results shown in Fig. 2 times as far as the other two contributions to the net induced magnetic moment.
The giant cluster approach can also be used to study the spatial distribution of the nonlocal orbital moments. These are mapped in Fig. 2(c) for the Pt surface atoms, showing Friedel-like oscillations with a fast decay with the distance to a magnetic adatom. The non-monotonic dependence of m nl o on the cluster radius (see Fig. 2(b) ) originates from these oscillations. They are most pronounced for the Fe adatom: the alternating sign of the Pt contributions with increasing distance to the adatom almost cancel each other out when added together. Surveying the maps for the other adatoms, we see that Ni (Cr) generates mostly positive (negative) contributions to m nl o , while the oscillations are still present for Co and Mn, although the net contribution is clearly positive for Co and negative for Mn.
The net spin and orbital magnetic moments are collected in Table I . The spin and orbital moments of the adatoms follow from the filling of their d-orbitals. The spin, local and nonlocal orbital moments induced in Pt are seen to increase when going from Cr to Ni, with an antiparallel alignment for Cr and Mn with respect to the spin moment of the adatom. The local and nonlocal orbital moments induced in Pt are of similar magnitude. Furthermore, the nonlocal orbital moment is a substantial part of the net orbital moment for all adatoms, and is even the largest contribution for Cr, Mn and Ni. Table I also lists the relative spin polarization at the Fermi energy of each adatom, P ad s
, with ρ ↓ (E F ) and ρ ↑ (E F ) the minority and majority spin- projected local density of states of each adatom (see Supplementary Materials [45] ), evaluated at the Fermi energy. This quantity is closely related with the induced surface magnetic moments, as made apparent in Fig. 3(a) . The remaining ingredient is the spin moment of each adatom, m We presented a theory of the nonlocal orbital magnetism caused by magnetic nanostructures on a nonmagnetic surface, rooted on knowledge of the induced paramagnetic ground-state current density. Our detailed study of the magnetism of the Pt(111) surface induced by 3d adatoms uncovered several interesting properties of the nonlocal orbital moment: it is long-ranged, displays Friedel-like oscillations, and it arises in a different way than the local orbital moment. The nonlocal contribution to the orbital moment is as important as the local one, and cannot be neglected. This is in stark contrast to the case of the elemental bulk ferromagnets, where the nonlocal contribution was found to be small [39, 41, 50] .
It remains to be explored whether XMCD measurements employing the sum-rule analysis can detect the full orbital moment of Pt or just part of it, as was argued in a different context in Ref. 38 . Scanning probes sensitive to minute spatial variations of the stray fields generated by the surface magnetism might be a future alternative [51] [52] [53] .
The type of surface, the size, shape and dimension of the magnetic nanostructures will matter in defining the magnitude and the decay of the nonlocal orbital moments. Since the latter extends in Pt three times farther than the local orbital and spin moments, nanostructures assumed to be decoupled based on the spatial range of these latter two might actually still be coupled via the former. This has to be kept in mind when interpreting experimental findings, but could also lead to new longrange interactions mediated by the orbital degrees of freedom, of interest for spinorbitronics.
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